Abstract Because of unknown faults and fractures in the overlying rock, CO 2 stored deep underground may move upward, and the intrusion may impact shallow groundwater quality. After leakage of CO 2 has ceased, the affected aquifer may show remediation capacity under natural conditions and injections and extractions. In this study, the reactive transport modeling software TOUGHREACT was used to simulate the remediation capacity of a study aquifer. The simulation results show that the intrusion of leaked CO 2 would decrease the pH of the target aquifer and trigger the dissolution of calcite minerals. After CO 2 leakage has ceased, the pH would increase as would the concentration of Ca because of the dissolution of calcite along the flow path. Scenario simulation results of amelioration of groundwater quality by water injection and extraction show that single injection is the best option and a combination approach of injection and extraction could control the range of the affected area. The pH value should not be regarded as the single indicator for remediation capacity assessment. Parameter sensitive analysis results show that the rates of injection and extraction affect the repair results significantly.
Introduction
Carbon Dioxide Geological Storage (CGS) is one of the most effective methods of reducing the anthropogenic emissions of CO 2 and mitigating global climate change (Bachu 2000; Su et al. 2013; Du et al. 2015; Zhao et al. 2015) . Because of the unknown faults and fractures in overlying rock, deep-stored CO 2 may move upward, and the intrusion impacts shallow groundwater quality (Smyth et al. 2009; Siirila et al. 2012; Yang et al. 2015; Zheng et al. 2015) .
According to the published research, leaked CO 2 could decrease the pH of shallow groundwater, changing the controlling conditions of mineral dissolution/ precipitation and adsorption/desorption, and thereby affecting the transport and transformation of metal species and organic matter in groundwater, and enhancing the risk of groundwater pollution (Zheng et al. 2009; Lemieux 2011; Vong et al. 2011; Zhu et al. 2015 ). However, current research focusing on numerical simulation of the potential risks predominantly assume the presence of soluble minerals containing toxic metals (such as PbS and FeS 2 ), and that the dissolution of these minerals could increase the concentration of these metals in groundwater (Humez et al. 2011; Vong et al. 2011) . While complexation of Pb and As species are considered in these studies (Zheng et al. 2009 ) and they could provide preliminary conclusions for CO 2 leakage risk assessment, they do not provide an comprehensive assessment of the impact of leaked CO 2 on a potable aquifer. A comprehensive study requires site-scale studies, and a universal mechanism of response should be given more attention.
The results of indoor experiments show that when fluid containing CO 2 flows through columns containing potable aquifer media, the concentration of alkali and alkaline earth metal species increases, but concentrations of Pb and As do not increase significantly (Little and Dispersivity (m) 0.25 Tortuosity 0.67 Jackson 2010; Lu et al. 2010) . Site-scale field tests indicate that mineral dissolution and ion exchange may be the controlling mechanisms behind the elevated CO 2 impacts on shallow groundwater quality (Kharaka et al. 2010; Trautz et al. 2012; Zheng et al. 2012; Zheng et al. 2015) . The lack of toxic metals (such as Pb and As) and minerals in potable aquifer media indicates that the universal mechanism should be carbonate dissolution/ precipitation and ion exchange. Compared with deep aquifers used for CGS, shallow aquifers experience greater recharge, allowing for selfremediation. The halting of CO 2 leakage could be caused by several factors: the lack of continuous CO 2 resources, a recharge of fresh groundwater would decrease the concentration of chemical species induced by CO 2 leakage, and mineral re-precipitation and readsorption would remediate the groundwater quality (Vong et al. 2011) . Because of variable mineralogy and the kinetic rate of dissolution/precipitation and adsorption, aquifers exhibit variable self-remediation capacities. A numerical simulation could predict the variations in concentration of chemical species in groundwater and facilitate a more comprehensive assessment of CO 2 leakage risks and impacts on shallow groundwater quality (Esposito and Benson 2011) . Field test results from the state of Mississippi, USA, were used in this study (Trautz et al. 2012; Zheng et al. 2015) . This study examined the impacts of carbonate dissolution and ion exchange on the distribution of chemical species in groundwater, contrasting the remediation effects under different extraction-injection conditions after CO 2 leakage has ceased and assessing the impact of leaked CO 2 on groundwater quality for CGS projects.
Study area
The field test area is located near the town of Escatawpa, MS, USA, and the experiment was hosted by South Company Services at the Victor J. Daniel Electric Generating Plant (Trautz et al. 2012) . The average precipitation in this area is 1876.4 mm/year and the average temperature of the Earth surface is ∼18.89°C.
According to field test requirements, seven wells were drilled in the field, as shown in Fig. 1 . IW1 is a water injection well; PW1 is an extraction well; BG1 is a groundwater quality background monitoring well; and MW1, MW2, MW3, and MW4 are groundwater quality monitoring wells. The distance between IW1 and PW1 is 63.40 m and that between IW1 and MW3 is 4.63 m. The main hydrogeological variables of the target aquifer used in the model are shown in Table 1 . The permeability of the target aquifer is 1.44 × 10 −11 m 2 , porosity is 0.30, and a numerical dispersivity of ∼0.25 m is used (Wu and Forsyth 2006; Trautz et al. 2012 ).
Methodology Simulator
The multiphase flow and reactive transport simulator software TOUGHREACT (Xu et al. 2004 ) has been used in geothermal development and CO 2 geological storage and groundwater remediation (Smyth et al. 2009; Zheng et al. 2012; Kuo and Benson 2015) , and version 2.0 of the software has been released with the additional capabilities of simulating biodegradation, adsorption/desorption of surface complexation, cation exchange, and coupled physicochemical reactions (Apps et al. 2010; Xu et al. 2004; Xu et al. 2011; Salmasi and AZamathulla 2013; Zheng et al. 2009 Zheng et al. , 2012 Zheng et al. , 2015 .
Geochemistry model
Although quartz, albite, K-feldspar, illite, and pyrite are the main minerals present within the target aquifer medium, carbonate was not detected. However, the pHbuffering capacity of the aquifer and the concentration variations of Ca, Mg, K, Na, and Sr in groundwater during the field test indicate that there may be carbonate minerals present of extremely low volume fractions (less than the detection limit of X-ray diffraction (XRD) and the total organic carbon-total inorganic carbon (TIC-TOC) test). The dissolution of a small quantity of carbonate could buffer the pH of groundwater during the field test, and the released Ca could drive cation exchange and alter the concentration of chemical species such as Ca, Mg, K, Na, and Sr in a similar way (Trautz et al. 2012 ). According to the simulation calibration results, the initial volume fraction of calcite should be 0.175 % (which is lower than the detection limit of the XRD and TIC-TOC tests). The reactions to Fecontaining minerals were ignored in this study as the mechanism behind these reactions is not yet clear. The mechanisms behind dissolution of carbonate and cation exchange were considered. The rates of mineral dissolution/precipitation could be impacted by temperature, pH, ion strength, and saturation conditions and can be expressed as Steefel and Lasaga 1994) :
where r m is the rate of dissolution/precipitation (positive indicates mineral dissolution and negative indicates precipitation), k(T m ) is the kinetic rate constant which is controlled by temperature (mol/L 2 s), T is the environmental absolutely temperature (K), A m is the specific surface area of a particular mineral (m 2 /kg); K m is the mineral equilibrium constant, Q m is the ion activity product and, and θ and η are coefficients determined by experiment. If Q m = 0, r m = k m A m , and the mineral kinetic rate reaches the maximum value. As the mineral reaction proceeds, Q m increases until Q m equals K m and r m equals 0, and the reaction reaches its equilibrium state.
The kinetic rate constant of minerals k(T) are the sum of three reaction mechanisms (Palandri and Kharaka 2004 ): where nu, H, and OH are the neutral, acid, and base mechanisms, respectively; E a is the activation energy; k 25 is the kinetic rate constant at a temperature of 25°C; R is the constant of air (J/mol K); and T is the environmental absolute temperature (K). The minerals found in aquifer media of interest in this study are quartz (volume fraction of >60 % with a low kinetic rate constant) and calcite (volume fraction = 1.35 × 10 −4 ). The main chemical reaction between leaked CO 2 and minerals is
where the kinetic rate constant = 5.0 × 10 −6 mol/m 2 s and E a = 23.5 kJ/mol. The kinetic rate constants of other reactions are shown in Table 2 (Palandri and Kharaka 2004) .
The reaction law of ion exchange is written as
where A m+ and B n+ are the ions of A and B in solution, respectively, and AX and BX are the ions of A and B adsorbed on the solid, respectively. The exchange coefficient is expressed as
where α Α and α B is the activity of the chemical species in solution for the ions A and B, respectively, and y A and y B Fig. 7 Distribution of pH in groundwater after CO 2 leakage ceased (case 2) after a 1 month, b 6 months, c 12 months, and d 24 months stand for the ion fraction absorbed onto the solid surface for the ions A and B, respectively. The exchange coefficients of the main chemical species found in groundwater is shown in Table 3 , and the exchange coefficients between ions can be calculated using the data in this table (Appelo and Postma 2005; Zheng et al. 2012) .
Results and discussions
Initial conditions and geochemical model validation
According to the background quality monitoring results for groundwater, the background pH of the target aquifer is 7.96 and the initial concentration of Ca is 7.33 × 10 −5 mol/L. There are two stages in the model:
(1) to simulate CO 2 leakage, water saturated with CO 2 at a saturation pressure of 3.8 bars is injected into the target aquifer through IW1, and (2) to simulate the ceasing of CO 2 leakage, water with a background quality is injected into the target aquifer. The injection rate at IW1 is 8.2 m 3 /day, the pumping rate of PW1 is 32.8 m 3 /day, and the quality of the background groundwater and injected water is shown in Table 4 .
The simulation started on November 18, 2011, and lasted for 180 days. The comparison between calculated concentrations and monitored results of pH, Ca, Mg, Sr, and K at MW3 are shown in Fig. 2 . The calculated chemical species concentrations and monitoring results are in good agreement, which means that the dissolution of calcite and cation exchange aroused by Ca could explain the changes in chemical species concentration during the field test and may be the controlling mechanisms during the test.
The discussions above indicate that injected CO 2 could impact the pH of groundwater and induce the dissolution of calcite and cation exchange. Therefore, the pH and concentration of Ca in groundwater should be comprehensively discussed in detail, as these two variables could reflect the groundwater quality changes during the field test, while the remediation effect can be discussed later.
Because of the injection of water at IW1 and the extraction at PW1, the distribution of pH and concentration of Ca in groundwater after the last 6 months after the leakage ceased as shown in Fig. 3 . From the figures, it is evident that because of the injected water being saturated with CO 2 , pH decreased from an initial value of 7.96 to 4.98, a central-high plume formed, and the impact area extended with the continued leakage. Because the concentration of H + increases when CO 2 is injected, calcite begins to dissolute and the concentration of Ca in groundwater begins to increase. As the volume of calcite is extremely low, the calcite dissolution completes rapidly, a donut-shaped plume is formed, and the impact area extends with the continued leakage.
According to Fig. 2 , the concentration of Ca in groundwater at MW3 would peak on the 21st day from the start of the test, and the distribution of chemical species in groundwater at this time (Fig. 4) has been set as the initial condition for the remediation prediction and assessment. Under natural conditions, no recharge or extraction occurs, and the transport of chemical species is driven by natural flow. The distribution changes of pH and concentration of Ca in groundwater under natural conditions is shown in Figs. 5 and 6, respectively. From  Fig. 5 , it is evident that the natural groundwater flows from the northeast to southwest (with a hydraulic gradient ∼0.4 ‰). The impact plume extends slowly to the downstream of natural groundwater flow, and a significant oval plume is formed after 6 months. During the formation of the oval plume, the impact area of high pH decreased because of the dilution of fresh groundwater and dissolution of calcite along the mitigation path.
From the distribution of changes of Ca in groundwater (Fig. 6) , the donut-shaped plume is clearly seen, and the increase in Ca concentration can be ascribed to the dissolution of calcite along the mitigation path. The concentration of Ca in groundwater increased from 4.77 × 10 −4 mol/L at the beginning of the test to 5.21 × 10 −3 mol/L (18 months later). Similar to the pH variations, an oval-shaped plume of Ca formed after 6 months moving downstream. The increase in high Ca impact area can be ascribed to the dissolution of calcite along the mitigation path.
Case 2: current extraction-injection conditions
The enhanced remediation methods refer to the methods of changing the initial flow field through injection and extraction, thereby accelerating the circulation rate of groundwater and reducing the concentration of pollutants. The injection method dilutes the concentration of pollutants, or specific substances are added to the injected water to improve the efficiency of groundwater remediation. The extraction method pumps groundwater with a high concentration of pollutants up to the surface, which could efficiently reduce the concentration of pollutants in groundwater. However, the pumped water requires further purification treatment. Current extraction-injection conditions are the injection of water at IW1 at a rate of 8.2 m 3 /day and the extraction of water at PW1 at a rate of 32.8 m 3 /day. The injected water quality has been changed to water with the background quality of the target aquifer and the predicted groundwater quality variations after CO 2 leakage ceased. The variations in distribution of pH and Ca concentration in groundwater are shown in Figs. 7 and 8, respectively, and display similar transformations of the impact plume.
From the variations in distribution of pH (Fig. 7) , it can be seen that, because of the injection of high pH water at IW1, a donut-shaped plume is formed from the beginning. The total impacted area extends toward PW1 and can be ascribed to the local flow field formed by the injection of water at IW1 and extraction of water at PW1, causing the central part of plume with high pH to extend synchronously. During the mitigation of H + in groundwater, the injected water of background pH dilutes the impacted groundwater and the dissolution of calcite consumes H + in groundwater, resulting in an increasing trend of pH until the background value is obtained.
Although the plume transformation is similar between pH and Ca, the initial increase in Ca concentration in groundwater can be ascribed to the dissolution of The case of IW1 extraction only was achieved by using IW1 as an extraction well at a rate 8.2 m 3 /day and not utilizing PW1 as an extraction well. The distribution of pH and Ca concentration is shown in Figs. 11 and 12 , respectively. From the figures, it is evident that the transformations of the impact plume are similar between pH and Ca. The area of the impact plume decreased rapidly after the extraction at IW1 and was almost indistinguishable after 3 months. Although the concentration of Ca in groundwater increased around the extraction well, the duration is too short and the area is too small to conclude that extraction at IW1 only could reduce and remove the impact plume significantly.
Case 5: conditions of extraction at IW1 and injection at MW1, MW2, and MW4
To enhance the remediation efficiency based on case 4, additional injection wells (MW1, MW2, and MW4, with injection rate 8.2 m 3 /day) have been used in case 5. The variations in the pH distributions and Ca concentrations in groundwater are shown in Figs. 13 and 14 , respectively. From the figures, it is evident that the transformations of the impact plumes are similar between pH and Ca concentration in groundwater. Unfortunately, the new added injection results in a new flow field, forming a tail plume at the southeast side of IW1. The concentration of Ca in groundwater reaches 1.14 × 10 −3 mol/L from 4.77 × 10 −4 mol/L at the beginning of the test. The simulation results of case 5 indicate that the rate of injection/extraction significantly impacts the remediation efficiency.
Case 6: condition of injection at IW1 and extraction at MW1, MW2, and MW3
Case 6 is based on case 5 and all the injection/extraction properties of the wells changed; the injection rate at IW1 was changed to 8.2 m 3 /day and the extraction rates at MW1, MW2, and MW3 were changed to 8.2 m 3 /day. The variations in the pH distribution and Ca concentration in groundwater are shown in Figs. 15 and 16 , respectively. From the figures it is evident that the transformations of impact plumes are similar between pH and Ca concentration in groundwater. The impact plumes moved toward the extraction wells, and the pH increased due to the dilution by freshwater and buffering of calcite. The concentration of Ca in groundwater increased to 7.76 × 10 −4 mol/L after 3 months and then decreased to 7.98 × 10 −5 mol/L after 24 months. Although the impact area could be controlled in this case, the concentration of Ca in groundwater increased significantly during the remediation.
Sensitivity analysis of extraction rates
The rates of injection/extraction could impact the remediation efficiencies. A sensitivity analysis of extraction rates has been performed based on case 4. The extraction rates at IW1 were set as 0.37852, 0.18926, 0.09463, 0.04732, and 0.02366 kg/s, and the pH variations and Ca concentrations in the groundwater at MW3 are shown in Fig. 17 . From the figure, we can see that pH almost reaches its background value under different extraction rates, but the elevating rates of pH values increase with increasing groundwater extraction rates. However, the peak concentrations of Ca in groundwater decrease with increasing groundwater extraction rates, which means that the increasing extraction rate could enhance the remediation efficiency significantly.
Conclusions
1. Leakage of CO 2 impacts shallow groundwater quality through dissolution/precipitation and cation exchange of minerals. The dissolution of calcite and cation exchange explains the concentration changes for Ca, Mg, Sr, and K in groundwater.
2. After the leakage of CO 2 ceased under the natural and flow fields, the shallow aquifer exhibited variable remediation capacity, and extraction is the better choice to remove impacts. 3. The concentration of Ca and H + exhibited different trends which can be ascribed to different impact mechanisms. The pH and concentration of other species should be considered during the remediation process. 4. The sensitivity analysis results indicate that the acidic pH values increased and the peak concentrations of Ca in groundwater decreased with increasing groundwater extraction rates. This means that an increasing rate of extraction could enhance the remediation efficiency significantly. 
